Introduction
[2] Experience from volatile reservoirs within porous granular (e.g., sedimentary) rocks on Earth shows that faults and other fractures are prime areas to investigate processes related to volatile migration, geochemical evolution, and biologic interactions [e.g., Chan et al., 2000; Boles et al., 2004; Eichhubl et al., 2004; Bowen et al., 2007] . This is because fractures concentrate fluids by acting as either baffles or as conduits to subsurface flow [Shipton et al., 2005; Fossen and Bale, 2007; .
[3] On Mars, light-toned layered deposits (porous and granular sedimentary rocks) in Meridiani Planum [Ormö et al., 2004; Herkenhoff et al., 2004; Chan et al., 2005; Clark et al., 2005; McLennan et al., 2005; Grotzinger et al., 2005; Arvidson et al., 2006] , Valles Marineris [Okubo and McEwen, 2007] , and elsewhere [Andrews-Hanna et al., 2007] have been recognized as sites of subsurface fluid activity that occurred in the geologic past. By analogy to terrestrial systems, areas of fracture controlled fluid flow in these deposits on Mars will likely be promising places to study past volatile-driven processes. Therefore determining the strength and deformability of the light-toned layered deposits is an important step in investigating volatile-driven processes in the subsurface of Mars. These physical parameters will aid in predicting the occurrence of fractures and in characterizing the effect of fracturing on the underground storage and migration of fluids.
[4] One physical characteristic that strongly influences the strength and deformability of porous granular rocks is porosity Chang et al., 2006; Horsund, 2001] . A larger magnitude of porosity generally results in a lower compressive strength and lower elastic modulus for a common rock type [Chang et al., 2006; Horsund, 2001] . Deformation in porous granular rocks is accomplished through changes in porosity, which also influences permeability [Vajdova et al., 2004; Zhu and Wong, 1997] . Porosity may increase or decrease as a result of deformation, depending on the initial porosity of the rock, stress history and stress magnitude Vajdova et al., 2004; Zhu and Wong, 1997] . Thus porosity is an important physical characteristic that not only influences rock strength, but also evolves in response to deformation and enhances or impedes fluid flow.
[5] Microscopic Imager (MI) observations made by the Mars Exploration Rover Opportunity provide insight into the nature and occurrence of porosity within light-toned layered deposits in Meridiani Planum. Prismatic to discoidal vugs are abundant in these deposits and are interpreted to be the result of the growth and subsequent dissolution of secondary minerals during episodes of diagenteic alteration [Herkenhoff et al., 2004] . Fractures and other through-going planar voids are also present. These may have resulted from processes such as desiccation at the present day surface [McLennan et al., 2005; Parker et al., 2006; Chan et al., 2007] , diagenesis [McLennan et al., 2005; Grotzinger et al., 2005] , or impact cratering [McLennan et al., 2005] .
[6] Previous estimates of porosity from Opportunity's MI images of the light-toned layered deposits are consistent with typical sedimentary rocks. Perl et al. [2007] examine targets that have been ground then brushed by the Rock Abrasion Tool (RAT). They report values of porosity between 0.158 to 0.404 for seven MI targets in Endurance crater and one target near Erebus crater. These values include porosity due to vugs and other secondary voids. By comparison, terrestrial sedimentary rocks have typical porosities that can approach ca. 0.5 [Chang et al., 2006; Horsund, 2001; Lama and Vutukuri, 1978] . In this study, porosity is measured from MI data of RAT grind targets in layered deposits, then parameters of rock strength and deformability are derived from these measurements.
RAT during Opportunity's traverse from Eagle crater to Erebus crater (sols 001 through 894) are analyzed. The locations and times of RAT activities are based on logs from http://anserver1.eprsl.wustl.edu.
[8] The term 'apparent porosity' as used here refers to the fraction of void space within the target rock as detected on MI images. These values of apparent porosity are likely to be minimum bounds on the actual porosity because some pore space may be filled in by particles derived from RAT grinding, and pore spaces below the resolution of the MI (31mm) are not accounted for.
[9] The rationale for studying only targets that were ground then brushed by the RAT is that these sites provide a more systematic view of rock porosity than surfaces that were not ground. Brushing helps to remove dust generated during grinding. RAT grind surfaces provide a plane through the rock, minimizing variability in pixel scale and geometric distortion across the mosaic. These freshlyexposed surfaces are also less affected by surficial weathering, which may act to enlarge pores on non-grinded surfaces.
[10] Measurement of apparent porosity is also limited to areas of RAT grind surfaces that are clear of excessive accumulations of dust, which were generated during grinding, but not removed by brushing. Areas of dust-filled void space are also avoided, as it is not clear if these are actual pore spaces or a result of grinding into an outer surface that is unevenly weathered. Further, porosity is measured only within the inner ca. 35 mm of each grind surface to avoid possible spalling along the outer circumference of the grind surface. The areas around some concretions are excluded where the surrounding host material shows evidence of spallation induced by grinding. Unsatisfactory areas of the MI mosaics are digitally masked and are not considered when calculating apparent porosity.
[11] Apparent porosity is measured by digitally mapping the extent of pore spaces on each considered MI mosaic ( Figure 1 ). Pore spaces are initially identified by digitally selecting pixels that have values that correspond with shadows and bright sunlit surfaces within the pore spaces. These initial estimates are then refined by manually mapping the remaining unselected pixels that fall within pore spaces and excluding those that fall outside of pore spaces. This technique is similar to the mapping of porosity in digital photomicrographs of thin-sections [Okubo and Schultz, 2005] , but is modified for non-uniform illumination and reflected light. Anaglyphs of grind surfaces are also used to manually confirm the distribution of digitallyselected pore spaces where stereo MI data are available. Apparent porosity is calculated as the ratio of the sum of pixels within pore spaces to the sum of pixels within the entire mapped area of the mosaic. Values of porosity reported in this paper are presented fractions rather than as percents.
[12] All void spaces within the mapped areas are included in the calculations of apparent porosity reported here. Thus pore spaces in crystal vugs and fractures are counted. Large fractures can and should be excluded before determination of strength and porosity for meter-scale or larger rock masses [Nahm and Schultz, 2007; Hoek and Brown, 1997] . However given the small dimensions of the areas considered (ca. 35 mm diameter) and narrow fracture apertures (< 0.7 mm), void spaces within all fractures are included in these values of porosity. This criterion is guided by experience in laboratory testing of the uniaxial and triaxial strength of rock cores. A typical strength test would utilize cores of rock that are ca. 55 mm in diameter or greater [Lama and Vutukuri, 1978; Goodman, 1989; Okubo and Schultz, 2005] . Small fractures at the scale observed in the MI mosaics are likely to be present in the test cores. Thus measurements of rock strength as a function of porosity (next section) likely (and implicitly) include the effects of such small fractures.
[13] Apparent porosity is calculated at the 21 RAT grind sites that meet the specified criteria and for which publiclyreleased MI data is available from the Geosciences Node of NASA's Planetary Data System http://pds-geosciences.wustl.edu). Results of these measurements are listed in Table 1 , and have a median apparent porosity of 0.25 ± 0.13. RAT grind sites at which porosity is measured by Perl et al. [2007] are again measured in this study in order to provide continuity of methods with other targets considered in this study. The results of Perl et al. [2007] are generally consistent with the results from this study for common targets (Table 1) .
[14] Nahm and Schultz [2007] measure apparent porosity for the target 'Gagarin' after brushing by the RAT, but before grinding by the RAT, using the same method employed in this study. Unlike this study however, Nahm and Schultz [2007] exclude porosity due to fractures. Nahm and Schultz [2007] report a porosity of 0.045 for the intact rock between the fractures at the Gagarin target. Apparent porosity measured at the same target after the subsequent RAT grind, and including fracture porosity, is found to be 0.158 (this study; Table 1 ). While much of the disparity between these measurements is attributed to fracture porosity, other factors that may contribute to this difference include spatial variability in porosity and loss of welldefined pore spaces due to surface weathering and erosion.
Analysis
[15] In order to convert measurements of porosity to values of strength and deformability, a proper mechanical analog to the light-toned layered deposits must first be established. A measure of the mechanical strength of the light-toned layered deposits comes from the amount of energy required for grinding. The amounts of energy per unit volume required by the RAT to grind specific targets are given by Arvidson et al. [2004] . These measurements, in J/mm 3 , show that the 'grindability' of these deposits is consistent with, or less than, that of terrestrial shale. These findings are consistent with back-analyses of landslides in layered deposits within Valles Marineris, in which Schultz [2002] finds that the strength of these deposits is comparable to shale, sandstone, non-welded tuff, and other sedimentary rocks.
[16] While the layered deposits are chemically distinct from shale [Arvidson et al., 2006; Clark et al., 2005; McLennan et al., 2005; Grotzinger et al., 2005] , the mechanical response of these deposits as measured by the RAT is consistent with shale. Therefore, following Nahm and Schultz [2007] , the behavior of shale is adopted as a basic mechanical analog that will be used to convert measurements of porosity into estimates of the strength and deformability of the light-toned layered deposits.
[17] Empirical relationships that describe material strength and other physical properties have been established through numerous laboratory tests Horsund, 2001; Vajdova et al., 2004; Lama and Vutukuri, 1978; Goodman, 1989] . Friction and cohesion are two common empirical relationships that are wellestablished measures of rock strength [Hoek and Brown, 1980; Goodman, 1989] . Likewise, empirical descriptions of the compressive and shear strength of rock as a function of porosity (over a range of bedding orientations) have also been established [Chang et al., 2006] .
[18] Among these empirical relationships of rock strength, unconfined compressive strength (s c ) and Young's modulus (E) are key for understanding the strength and deformability of the light-toned layered deposits. Empirical relationships between s c and porosity have been reported as s c = 1.001 À1.143 for < 0.1 [Lashkaripour and Dusseault, 1993], s c = 2.922 À0.96 for = 0.3 to 0.55 [Horsund, 2001] , and s c = 0.286 À1.762 for > 0.27 [Chang et al., 2006 ]. An empirical relationship between E and s c has also been reported as E = (s c /7.97)
1.10 for = 0.3 to 0.55 [Horsund, 2001] .
[19] Based on the measurements of apparent porosity presented here along with these previously published empirical relationships, the median derived value of s c is 11.23 MPa, E is 1.86 GPa and G is 0.75 GPa. Since these values of apparent porosity are likely lower limits on the actual porosity, the calculated values for s c are considered to be upper bounds, while the values for E and G are considered to be lower bounds.
Discussion
[20] Now that the magnitudes of s c and E have been estimated, the magnitude of mean stress at the rock's brittleductile transition, P*, can be calculated. The magnitude of P* is an important constraint in understanding the processes of brittle deformation in sedimentary rocks. At this stress state, shear localization and brittle fracturing (i.e., deformation band formation [Aydin et al., 2005; Schultz and Siddharthan, 2005; ) transitions to ductile flow and distributed cataclasis . Significantly, brittle strength envelopes for porous granular rocks scale with the magnitude of P* . Thus definition of P* provides a critical constraint on the brittle strength behavior of the layered deposits on Mars.
[21] The scaling effect of P* on the brittle strength envelope of porous granular rocks is revealed in laboratory testing. These tests show that the basic brittle behavior of porous and granular materials can be represented by an elliptical strength function in stress invariant space,
where Q is differential stress, Q = s 1 Às 3 , P is effective mean stress, P = [(s 1 À 2s 3 )/3]-P i , s and g are unitless empirical coefficients, and P i is pore fluid pressure . Laboratory testing has shown that d % 0.5 and values of g range between 0.5 and 0.7 . While further refinements to this basic behavior are recognized [Schultz and Siddharthan, 2005; Aydin et al., 2005] , the formulation in equation 1 serves to demonstrate the scaling effect of P* on rock strength, that is, larger magnitudes of P* result in a strength envelope that subtends a wider range of P.
[22] Competing processes of grain cracking and collapse of the pore spaces between grains control this brittle to ductile transition in porous granular rocks. Grain crushing is the dominant process in sedimentary rocks that are composed of siliclastic particles. In these rocks P* can be predicted from grain size and porosity assuming Hertzian fracture at grain-to-grain contacts . In non-siliclastic rocks, or in rocks containing a mixture of silicates and non-silicates, grain cracking is less efficient, and the magnitude of P* is controlled by the collapse of intergranular pore space .
[23] Since the layered deposits examined by Opportunity consist of both siliclastic and non-siliclastic grains [McLennan et al., 2005; Squyres et al., 2006] , pore space collapse is likely to be the dominant mechanism at the brittle to ductile transition in these rocks. The magnitude of P* due to pore space collapse is given by
[ Wong et al., 2004; Baud et al., 2000; Curran and Carroll, 1979] where shear modulus, G, is [Goodman, 1989] and n is Poisson's ratio, which varies between 0.2 and 0.3 for typical shales [Lama and Vutukuri, 1978] . A mean value for n of 0.25 is assumed here. Magnitudes of P* corresponding to the physical parameters that were derived earlier in the paper are listed in Table 1 and have a median value of 8.77 ± 7.54 MPa. These values are considered to be upper bounds since the apparent porosity used here is likely to be less than the actual porosity.
[24] The values of strength and deformability reported here are important foundations for investigating the growth of deformation bands, and their effects on subsurface fluid flow, within the light-toned layered deposits on Mars. These layered deposits present a potential wealth of opportunities for studying the geologic history of water on Mars [Ormö et al., 2004; Chan et al., 2005; McLennan et al., 2005; Arvidson et al., 2006; Okubo and McEwen, 2007] . Within ±20°latitude of the equator alone, layered deposits cover more than 3 Â 10 6 km 2 [Schultz and Lutz, 1988; Hynek et al., 2003] . Due to this extensive distribution, a major challenge in looking for and interpreting evidence of past volatile processes within the layered deposits is in characterizing sites of latent fracture controlled fluid flow. The results presented here will aid in these investigations. These results can be used in forward numerical models of damage zone growth around faults [e.g., Okubo and Schultz, 2005] to not only predict the spatial distribution of deformation bands around observed faults and other fractures, but also predict the attendant pathways for subsurface fluid flow. These fluid flow pathways are key sites for investigating past groundwater processes on Mars.
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